Nanoimprint lithography ͑NIL͒ has proven to be an exceptional lithographic technique for achieving arbitrary, nanoscale features, over large areas without the use of costly step-and-repeat UV lithography tools. One requirement for NIL is to eliminate adhesion of the imprinted polymer to the imprinter upon withdrawal of the imprinter. Previous work on thick ͑ Ͼ 100 nm͒ diamondlike carbon ͑DLC͒ layers indicates that fluorinated DLC ͑F-DLC͒ provides a durable antiwear, antistick layer. In this work, a process for depositing an ultrathin layer of F-DLC is shown for SiO 2 based imprinters.
I. INTRODUCTION
Nanoimprint lithography ͑NIL͒ has proven to achieve arbitrary, nanoscale features, over large areas without the use of costly step-and-repeat UV lithography tools. [1] [2] [3] [4] The fidelity of the imprinted pattern depends on the elimination of the adhesion between the imprinted polymer and the imprinter upon withdrawal of the imprinter. Several methods to reduce adhesion have been published. 5, 6 Of particular interest is the plasma deposition of a layer of fluorinated diamondlike carbon ͑F-DLC͒. Diamondlike carbon ͑DLC͒ films have been shown to have high hardness, wear resistance, chemical inertness, and low friction coefficients. 7 DLC consists of sp 3 and sp 2 carbon bonds with hydrogen that show similar characteristic properties to diamond. These important properties of DLC can be adjusted through the incorporation of dopants in the surface of the DLC ͑Ref. 8͒ such as fluorine, silicon, nitrogen, oxygen, and a variety of metals. These dopants modify the surface free energy, determining the surface properties and interfacial interactions including adsorption, wetting, and adhesion. The incorporation of fluorine in DLC films greatly reduces the surface free energy, while retaining the DLC properties depending on the deposition technique. 9 F-DLC is used as a NIL imprinter coating to provide this durable antiwear, antistick layer. Previous works 10, 11 have
shown that DLC is a durable coating with a low surface energy ͑ϳ40 mJ/ m 2 ͒. The fluorinated self-assembled monolayer on top of the DLC lowers the surface energy further ͑ϳ20 mJ/ m 2 ͒, while retaining the strength properties of the DLC. In these previous studies, the DLC was either thick ͑ Ͼ 100 nm͒ or was the entire substrate. In this work, we show that the advantages of F-DLC can be obtained using standard processing of SiO 2 on Si imprinters with subsequent deposition of F-DLC. The antistick layer is minimal in thickness ͑ϳ2 nm͒ and retains the properties of both the DLC and the low surface energy of the fluorinated layer. The advantage of this technique is that it does not require thick DLC layers or entire substrates of DLC. Furthermore, it should be applicable to a wide range of imprinter materials.
II. IMPRINTER PATTERN GENERATION
Electron-beam lithography ͑EBL͒ was utilized to generate the initial pattern on the imprinter for nanoimprint lithography. This technique was used due to its capabilities of highresolution pattern generation and the ability to customize the types of patterns on the SiO 2 / Si ͑250 nm thermally grown SiO 2 on silicon͒ imprinters. First, 10ϫ 10 mm 2 SiO 2 / Si substrates were cut and cleaned thoroughly using sonication, acetone, and methanol. Then, the samples are coated with an e-beam resist ͓polymethyl methacrylate ͑PMMA͔͒. Two layers of PMMA were used to increase the resolution of the pattern exposure and to aid in the subsequent lift-off process. The first layer of PMMA was 100k PMMA and the second layer was 950k PMMA. Both of the resists were spun onto the SiO 2 / Si substrate at 4000 rpm for 45 s to generate a total layer thickness of approximately 100 nm. A standard prebake ͑180°C for 60 s͒ was performed on each layer.
The sample was e-beam written using a nanometer pattern Generation system on a LEO 1530VP scanning electron microscope ͑SEM͒. All patterns were generated using 30 kV on a 30 m aperature with a working distance of approximately 6 mm. The patterns generated were 100ϫ 100 m 2 squares with arrays of dots less than 30 nm in diameter with a pitch of 100 nm. Figure 1 shows the array of 30 nm dots that were generated within the 100ϫ 100 m 2 squares. After the patterns were exposed, they were developed in a 1:3 mixture of methyl isobutyl keytone:isopropanol for 60 s, rinsed with methanol, and dried with nitrogen. The sample was then placed in a thermal evaporator for the deposition of approximately 20 nm of Cr. Lift-off process was performed in a 1:1 mixture of methylene chloride and acetone, followed by sonication of the sample to remove any remaining Cr on PMMA. Figure 2 shows the pattern generated after Cr deposition and lift-off of the unexposed PMMA and Cr.
Following the generation of the nanometer-sized Cr dots, the sample was subjected to plasma etching in an Oxford Plasma Lab 80+ reactive ion etcher ͑RIE͒. The plasma was a a͒ Electronic mail: rfillman@ieee.org combination of CF 4 and H 2 with flow rates of 40 and 12 SCCM ͑SCCM denotes cubic centimeters per minute at STP͒, respectfully. The process uses a forward power of 40 W for 5 min, resulting in pillars with a height of 150 nm. This combination anisotropically etched the oxide layer, leaving the Cr intact. With a etch time of 4 min, the pillars created were about 100 nm in height with a diameter of the oxide the same of the Cr dots ͑30 nm͒ after Cr lift-off. Each imprinter contained a pattern of 100 of these 100 ϫ 100 m 2 squares ͑10ϫ 10 pattern of squares͒ with 30 nm diameter pillars with height of 100 nm, filling each square. This provided a vast number of pillars to inspect on each sample for the imprinter analysis post imprinting as seen in the results.
III. ANTISTICK LAYER DEPOSITION TECHNIQUES
DLC was deposited using a TM vacuum rotating sputter deposition system. A forward power of 200 W and bias power of 30 W were used at room temperature under a pressure of 6 mTorr with Ar: H 2 flow rates of 9 and 30 SCCM, respectively. This system configuration generated a 4 nm/ min deposition rate on the rotating sample tray. Figure  3 shows the DLC thickness as a function of the deposition time, showing a constant deposition rate.
Deposition times are for the entire rotating tray where samples are only exposed to the deposition about one-third of the deposition time. The thicknesses of the DLC were measured using a profilometer postsputter deposition on multiple samples to determine the accuracy of the deposition technique with the rotating tray. The samples were also analyzed with an atomic force microscope and a scanning electron microscope to determine surface roughness and degree of pattern resolution decrease. Multiple DLC film thicknesses were performed to show the linearity in the DLC growth but the focus of this research is on the Ͻ3 nm thick DLC films. Figure 4 shows a 45°angle SEM image of a 50 nm feature size imprinter with a DLC layer of approximately 3 nm. The DLC layer was fluorinated using a Plasmalab 80+ RIE with CF 4 as the fluorine source. The CF 4 has a known etch rate on the DLC layer. 12 This etch rate is desired in the imprinter fabrication to minimize the resolution decrease in the pattern on the imprinter. For SiO 2 imprinters, the DLC is directly deposited onto the SiO 2 with a feature size increase of about 3 nm. Due to the linearity and small etching rate of the DLC layer in the RIE fluorination deposition technique, there is minimal ͑ Ͻ 1 nm͒ increase in the feature size of the pattern with DLC on the imprinter.
IV. ANALYSIS OF DEPOSITION LAYERS
The "Tape Test" ͑ASTM D3359͒ was utilized to measure the adhesion strength of each of the thin films to the SiO 2 / Si substrate. This technique uses an adhesive tape that is applied to the film and pulled off to determine the adhesion strength. The test was performed on each of the thin DLC layers, as seen in Fig. 3 , applied to the SiO 2 / Si substrate. Our tests indicate that DLC on SiO 2 ͑thermally oxidized Si͒ shows no evidence of peeling, lift-off, or cracking under the adhesion tape test.
The contact angle of these material layers was the primary focus of the layer testing using the sessile drop technique. The results of the advancing contact angles with de-ionized ͑DI͒ water are shown in this section. Figure 5 shows the advancing contact angle measurements for the SiO 2 substrate with both the DLC ͑lower line in the figure͒ and F-DLC layers. The contact angle increases from an average of 65°to 110°with the application of the fluorinated layer and is independent of the DLC layer thickness.
The thinnest layer of DLC deposited was 3 nm with an ultrathin layer of fluorine above the DLC with minimal contamination of the DLC surface.
12 SEM images with the 3 nm thick DLC imprinter from Fig. 4 with an additional fluorine layer on top of the DLC have shown minimal to no thickness increase.
The contact angle measurements of a surface are known to depend on the surface morphology along with the chemical structure of the surface. For this reason, the surface contact angle measurements were performed on a plain silicon dioxide surface with a thin layer of DLC. This removes the possibility of pattern design or defects in the surface to provide an incorrect contact angle for the surface. Small features on the surface can alter the contact angle that is seen on a macroscale. In addition, the surface morphology was not altered during fluorine treatment of the DLC layer and the results are similar to previous work. 12 Table I shows the DI water contact angle after each deposition step, including the original SiO 2 on Si substrate. As can be seen, each step increases the contact angle and therefore lowers the surface energy of the imprinter pattern.
V. IMPRINTING PROCESS AND ANALYSIS
The preparation of samples to be imprinted was similar to the preparation for the e-beam writing. Two layers of 495k PMMA were spun onto the sample at 4000 rpm to produce a total thickness of about 200 nm. The imprinting was performed in a custom built imprinting press. The imprinter was placed at the top press with the lower press containing the sample to be imprinted. Both the sample and the imprinter were then heated well above the glass transition temperature ͑nominally 180°C͒ through the use of heaters in each of the aluminum plates. After both the sample and the imprinter were above the glass transition temperature, the press was released, allowing the samples to come into contact with each other. Pressure was then applied, forcing the imprinter into the sample. After a set period of time ͑typically 5 min͒, both the imprinter and sample were cooled to about 30°C before separating the sample from the imprinter. Comparisons between SiO 2 imprinters and Ͻ3 nm thick F-DLC SiO 2 imprinters have shown a significant improvement in the quality of the pattern transfer along with the durability of the imprinter after multiple samples were imprinted utilizing the same imprinter. This technique also allows for the reapplication of fluorine layer along with the DLC layer if needed to increase the lifespan of a single imprinter.
VI. DISCUSSION
Many techniques have been used in nanoimprint lithography in an attempt to lower the surface free energy of the surface. The surface free energy is determined through the increase in the contact angle of the surface and determines the surface properties and the interfacial interactions including adsorption, wetting, and adhesion. It is desirable to have low adhesion of the surface of imprinters to ensure an accurate pattern transfer, while eliminating damage or contamination of the imprinter. An imprinter with high adhesion typically results in portions of the resist being torn from the imprinting sample as the imprinter is removed. It may also cause the features on the imprinter to be torn from the imprinter and left in the resist. This can destroy the sample and also the pattern on the imprinter, thus lowering the reproducibility of the pattern transfer. The F-DLC technique has been shown to be a reliable technique to minimize adhesion between the imprinter and the sample. Using thick DLC substrates with a thin film of F-DLC as the imprinter has proven to retain the properties of DLC, while allowing for a lower surface energy due to the thin F-DLC layer. 5, 6 In the technique presented here, as seen in Fig. 7 , an ultrathin ͑typically Ͻ3 nm͒ DLC layer is deposited. This DLC has excellent adhesion to SiO 2 , causes minimal resolution decrease and still retains many of the important DLC properties needed for nanoimprint lithography. It also allows for the reapplication of both the DLC and the F-DLC layers as needed for increasing the lifespan of the imprinter.
VII. CONCLUSIONS
Nanoimprint lithography is a viable technique for creating nanoscale features over large areas. Unfortunately, it is a contact technique, and eliminating resist tearing and lift-off is critical for its success. Various imprinter material systems have been developed to achieve specific goals. However, these imprinters all have one thing in common-they must not adhere to the imprinted resist. Through the use of F-DLC, we have demonstrated a method for creating an antistick layer on a typical SiO 2 imprinter where DLC has excellent adhesion. The fluorination of this DLC layer significantly lowers the surface energy, providing an increase in the reliability of the pattern transfer. This ultrathin layer has been proven to retain the low surface energy ͑17.6 mJ/ m 2 ͒ of thicker F-DLC layers. Although the feature size of the initial imprinter is increased slightly due to the deposition of the antistick layers, the reliability of the imprinter increases, allowing for a reliable transfer of smaller feature sizes.
